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ABSTRACT

Nitrogen Cycling in the Rhizosphere of Cheatgrass and Crested Wheatgrass:
Contributions of Root Exudates and Senescence

by

Kendalynn A. Morris, Master of Science
Utah State University, 2014

Major Professor: Dr. John M. Stark
Department: Biology

Cheatgrass promotes the accumulation of inorganic N in soils but the mechanism is not
known. We used cheatgrass and crested wheatgrass in a 15N isotope tracer experiment, where
15

N-labeled urea was supplied to plant shoots, to determine the contribution of root exudates to

soil N pools. Plants were grown in mesocosms in a greenhouse and exposed to either moist or
dry soil conditions to determine the contribution of soil drying to N pools. Ammonium 15N pool
dilution was used to determine plant and soil moisture effects on soil N transformation rates.
After 75 days of growth cheatgrass soil had more total N and organic C than crested wheatgrass
soil. Soil moisture treatments affected soil N cycling rates more than plant species; however,
during the 1-week 15N tracer experiment, cheatgrass roots exuded more than twice as much N
(0.11 mg N kg-1 soil d-1) as crested wheatgrass roots (0.05 mg N kg-1 soil d-1) in both moist and dry
soil treatments. We propose that exudation of high N content root exudates leads to the changes
in soil N pool size and transformation rates commonly observed in soils under cheatgrass.
(76 pages)
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PUBLIC ABSTRACT

Nitrogen cycling in the rhizosphere of cheatgrass and crested wheatgrass:
Contributions of root exudates and senescence

Kendalynn A. Morris

Cheatgrass is an invasive weed that has come to dominate large areas of the western
United States. Once an ecosystem has been converted to a cheatgrass monoculture, it is
extremely difficult to restore native vegetation. Cheatgrass negatively impacts wildlife and
increases wildfire frequency and intensity. Understanding how cheatgrass so effectively invades
western ecosystems is essential to turning the tide of invasion. One possible key to cheatgrass’
success is alteration of soil nutrient cycling. The goal of this study is to explore how nitrogen (N)
may accumulate in cheatgrass soils via redistribution of N within soil N pools. To accomplish this
we investigated soil N cycling in soils underneath cheatgrass and crested wheatgrass. We used a
15

N isotope tracer to determine the contribution of root exudates to soil N pools. During the 1-

week 15N tracer experiment, cheatgrass roots exuded more than twice as much N (0.11 mg N kg-1
soil d-1) as crested wheatgrass roots (0.05 mg N kg-1 soil d-1). We propose that exudation of high N
content root exudates leads to the changes in soil N pool size and transformation rates
commonly observed in soils under cheatgrass. This research uses a simple and relatively
inexpensive isotope tracer to shed light on mechanisms by which invasive plants may alter soil
processes. By understanding these mechanisms we may be able to develop strategies for better
managing cheatgrass invasion.
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INTRODUCTION

The invasive annual cheatgrass (Bromus tectorum L.) now covers more than 40 million
hectares in the western United States (Mack, 1981; DiTomaso, 2000). Invasion by cheatgrass
alters ecosystem processes on multiple scales (D'Antonio and Vitousek, 1992; Evans et al., 2001;
Belnap et al., 2005). Changes to fire cycles, biodiversity, and forage resources make cheatgrass
invasion one of the greatest threats to intermountain west ecosystems (D'Antonio and Vitousek,
1992). Belowground, cheatgrass is associated with differences in soil texture (Norton et al.,
2004), microbial communities (Belnap and Phillips, 2001; Hawkes et al., 2006), and especially
nitrogen (N) cycling (Bolton et al., 1990; Evans et al., 2001; Blank and Morgan, 2011) in
comparison to soil under native vegetation.
Establishment of cheatgrass often follows disturbance (e.g., fire, physical soil
perturbation), which is also associated with increases in nutrient availability, including N
(D'Antonio and Vitousek, 1992). Soils under cheatgrass often have more total N than soils under
sagebrush or interspaces within the same area (Bolton et al., 1993; Norton et al., 2004; Hooker
et al., 2008). Soils under cheatgrass also have greater nitrate (NO3-) levels and N mineralization
rates than surrounding cover types (Booth et al., 2003; Sperry et al., 2006; Hooker and Stark,
2008). However, arid soils often have a build-up of NO3- towards the end of the growing season
under both cheatgrass and native vegetation (Jones and Woodmansee, 1979; Booth et al., 2003;
Sperry et al., 2006) due to low carbon (C) substrate availability or diffusion limitation (Davidson
et al., 1990). It is unclear whether cheatgrass selectively colonizes soils that are already high in N
or whether it actively promotes the accumulation of N in soil.
Plant-soil feedbacks are thought to be an important aspect of invasive-plant species
success (Klironomos, 2002; Levine et al., 2006; Kulmatiski et al., 2008). Cheatgrass grows well
across a range of soil N concentrations but like many plants has the most vigorous growth in
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soils with large pools of plant available N (Lowe et al., 2002; Monaco et al., 2003). A number of
studies claim that cheatgrass invasion increases soil N availability (Booth et al., 2003; Norton et
al., 2004; Adair and Burke, 2010), but have been unable to differentiate the effects of cheatgrass
from those of pre-existing soil condition on soil N cycling. One study supported this claim by
measuring greater total N and N mineralization following cheatgrass establishment in
undisturbed grasslands (Schaeffer et al., 2012). Therefore, it seems likely that cheatgrass
establishment contributes to differences in soil N, rather than cheatgrass selectively colonizing
soils with high N concentrations. Cheatgrass may be capable of establishing a positive plant-soil
feedback by encouraging the accumulation of plant available soil N through its belowground
inputs.
Cheatgrass could cause the accumulation of plant available N through several different
pathways, including increasing N2 fixation in soils, redistribution of N within the soil profile,
decreasing plant N uptake compared to native vegetation, or redistribution of N within soil N
pools (e.g., increasing mineralization or decreasing immobilization). Cyanobacteria within
biological soil crusts are the main N2 fixers in the intermountain west (Evans and Ehleringer,
1993). Currently there is no evidence that cheatgrass increases N2 fixation in soils, because
biological soil crust cover decreases following cheatgrass invasion (Evans et al., 2001; Lange,
2003). Differences between cheatgrass soils and soils under other vegetative covers at depth (1
to 1.5 m) might suggest that cheatgrass redistributes sub-soil N into upper soil layers (Sperry et
al., 2006), but no studies to date have explicitly examined this mechanism (Norton et al., 2004;
Hooker et al., 2008). Annual plant N uptake may be lower than perennial plant N uptake, leading
to larger soil N pools under annual plants (Adair and Burke, 2010), but cheatgrass aboveground
biomass N is similar to that of perennial vegetative cover (Hooker et al., 2008). However, other
aspects of cheatgrass phenology may contribute to changes in soil N by causing redistribution of
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soil N between pools. Differing patterns of N rhizodeposition between cheatgrass and native
grass species, including root exudates, secretions, and turnover (Rovira et al., 1979), make this a
likely mechanism through which cheatgrass could alter soil N cycling.

Fig. 1. Diagram showing simplified N pools in a terrestrial ecosystem.

The goal of this study is to explore how N may accumulate in cheatgrass soils via
redistribution of N within soil N pools (Fig. 1). Soil drying and associated senescence of plant
roots is one of the two potential mechanisms we explored. Contrary to predictions based on
tissue C:N ratios, decomposition of plant roots frequently stimulates net N mineralization
(Parton et al., 2007; Goebel et al., 2011). Following forced root senescence in cheatgrass and
sagebrush soils, microbes were found to utilize substrates with lower C:N ratios than expected
from plant tissue samples (Hooker and Stark, 2008). If dry-season root senescence and turnover
leads to net N mineralization, then annual grasses like cheatgrass may cause accumulation of
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inorganic N in the soil above the levels seen under perennial plant species that maintain live
root systems during the dry season.
The second potential mechanism explored in this study is the possibility that cheatgrass
may supply higher quality substrates to microbes than other plant species within the same
ecosystem (Saetre and Stark, 2005). In soils, plant-derived substrates consist of dead roots, cellsloughing (a by-product of root growth), and root exudates within the rhizosphere (Walker et
al., 2003; Hinsinger et al., 2009). As a root grows, increased substrate availability increases soil
microbial respiration (Mukerji et al., 2006). Whether this microbial activity leads to
mineralization or immobilization of N depends on the growth efficiency of the microbes and the
C:N ratio of the substrate. Microbial growth efficiency is the amount of C incorporated into
biomass relative to the total amount of C metabolized. A high growth efficiency (e.g., 0.8)
indicates that the majority of substrate C is incorporated into microbial biomass, although
values for soils are typically low (e.g., 0.4). Like all organisms, microbes need nutrients other
than C to grow, and microbial biomass tends to have a C:N ratio around 6:1 (Reiners, 1986;
Cleveland and Liptzin, 2007). If a substrate has a low C:N (e.g., 10:1), microbes may have excess
N available to them because only a fraction of that material will be converted into microbial
biomass. The excess N will be mineralized, releasing inorganic N into the surrounding soil. If a
substrate has a very high C:N (e.g., 100:1), no N will be mineralized from the substrate. Instead
microbes would immobilize N from the soil matrix (e.g., uptake of inorganic N) in order to build
biomass.
Roots exude photosynthetically-derived C, in the form of organic acids and sugars,
concurrently with N in the form of ammonium (NH4+), NO3-, and amino acids (Merbach et al.,
1999; Paynel et al., 2001). These compounds may help recruit beneficial soil microbes, increase
nutrient solubility, and potentially contribute to soil N mineralization (Kuzyakov et al., 2000;

5
Cardon and Whitbeck, 2007; Hinsinger et al., 2009). Exudates with low C:N may promote N
mineralization in and of themselves, but they could also provide a priming effect (Kuzyakov et
al., 2000; Drake et al., 2013). Because the components of root exudates (Marschner et al., 2004;
Sauheitl et al., 2010) and root tissues (Roumet et al., 2006) differ among plant species,
cheatgrass could be altering N cycling by proving soil microbes with higher quality (higher N
content) substrates.
Crested wheatgrass (Agropyron cristatum L. Gaertn) is another introduced grass species
that is becoming increasingly common in sagebrush-steppe ecosystems (Lesica and DeLuca,
1996; Vaness and Wilson, 2007; Fansler and Mangold, 2011). As a perennial bunchgrass, crested
wheatgrass superficially resembles the native grass species of the intermountain west. However,
some studies have found larger soil N pools in crested wheatgrass soils compared with soils
under sagebrush and native grasses (Chen and Stark, 2000; Krzic et al., 2000), and others have
found that concentrations of soil N under crested wheatgrass are intermediate between those
of soils under cheatgrass and sagebrush (Hooker et al., 2008). These studies indicate that
establishment of crested wheatgrass alters soil N in ways that are subtly different from both
cheatgrass and the original native vegetation. Despite this, crested wheatgrass is often
introduced for restoration, soil stabilization, and to enhance range quality (Richards et al., 1998;
Newhall et al., 2004). For these reasons, we included crested wheatgrass in this study for
comparison to cheatgrass.
To quantify the contribution of root senescence and rhizosphere inputs to N cycling in
soils under cheatgrass and crested wheatgrass, we grew individuals of both species in
mesocosms in a greenhouse and shoots were labelled with a 15N tracer. Two soil moisture
treatments were applied to the mesocosms. A dry soil moisture treatment, where soils were
gradually dried-down, was compared to a treatment where mesocosms were kept moist, in
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order to separate release of root N through senescence from release of N in root exudates. The
isotope tracer allowed us to measure the mass of N that flowed into soil from belowground
plant inputs. In addition, we used an ammonium 15N pool dilution to measure soil N
transformation rates and estimate microbial substrate C:N. We expected that cheatgrass roots
would exude compounds with greater N content than crested wheatgrass and that soils under
cheatgrass would exhibit faster gross N mineralization rates and have larger inorganic N pools
than crested wheatgrass. We also expected that in dry soils, root senescence would increase N
mineralization rates for soils under both plant species and that senescing roots would have
lower C:N ratios than healthy roots due to root respiration decreasing C content of root tissues.

7
MATERIALS AND METHODS

Mesocosms
Plants were grown in mesocosms constructed of untreated pine with Plexiglas® fronts
and backs (Fig. 2) and drainage holes drilled into the bottom. Within each mesocosm, a fine
mesh partition (US 100 mesh, 0.14 mm openings) vertically separated a 3-cm thick layer of soil
from the rest of the mesocosm. Soil was divided in this way to prevent roots from growing into
this section of soil and provide data on bulk soil N cycling for each mesocosm in addition to main
treatment effects.

a
b
c

Fig. 2. Diagram of mesocosm used for plant growth, 30 x 30 x 7.8 cm, showing a) stainless steel
mesh divider (US 100 mesh), b) pine sides and bottom, and c) Plexiglas® front panel, same as the
back panel.

Mesocosms were filled with soil composed of a 9:1 mixture of a baked clay aggregate
and local soil from a sagebrush steppe ecosystem. The local soil was collected from the Green
Canyon Ecology Research Center in North Logan, Utah, in April of 2012 and acted as an inoculum
of soil microbes in the mesocosms after being sieved (2-mm mesh). The soil at Green Canyon is
a rocky Mollisol (Loamy-skeletal, carbonatic, mesic Typic Haploxeroll) formed on alluvial fan
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material (Southard et al., 1978). The baked-clay aggregate Profile® (Table 1, Profile Products LLC,
Buffalo Grove, Illinois) comprised the majority of the mesocosm soil. This is a common
greenhouse growing medium (Adams et al., 2014) and was used in this study to provide high
CEC and sufficient aeration. Prior to mixing with the inoculant soil, Profile was rinsed with tap
water and soaked in a concentrated nutrient solution (Table 2) following the recommendations
of Adams et al. (2014) to minimize differences between 50 lb bags and reduce potentially high
manganese loads.

Table 1
Physical Properties of Profile® after soaking in nutrient solution.
Physical Properties
Profile
pH
5.25
-3
Bulk density (g cm )
0.596
Particle density (g cm-3)
2.65
-1
Water holding capacity (kg H20 kg )
0.65
-1
Inorganic C (mg kg )
0
+
-1
Extractable inorganic N from NH4 (mg kg ) 174.7
Extractable inorganic N from NO3- (mg kg-1)
5.0
+
-1
CEC (cmol kg )
33

Plants
Cheatgrass seeds were hand-collected from a wild population in Cache County, Utah
(41° 46’ 07” N, 111° 47’ 11” W). Crested wheatgrass (“Kirk” variety) seeds were purchased from
Granite Seed Company. Seeds of both species were stored at 4°C for 2 weeks until mesocosms
were ready for planting. Storing seeds in this manner encourages cheatgrass to flower when
grown in greenhouse conditions (Meyer et al., 2004). Seeding and germination of the two
species was staggered to account for different plant growth rates, with crested wheatgrass
seeded May 4th, 2012 and germinated May 10th and cheatgrass seeded May 26th and germinated
May 31st. Greenhouse growing conditions were 25°C day, 20°C night, and natural light
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photoperiod (Logan, UT). Seedlings were thinned so that each mesocosm contained six plants.
Plants were watered with 250 mL of dilute nutrient solution (Table 2) every 2 weeks.
Fertilization was used to aid plant growth because of the very low organic matter content and
nutrient supply capacity of the soil mixture used. Fertilizer contained only NH4+ to try and
maximize the detectability of nitrification.

Table 2
Salts added to deionized H20 to make soaking solution and fertilizer.

Soaking
-1

Fertilization
mmol L-1

g L-1

33.00
2.25
1.75
16.50
24.65
1.25

4.99
0.26
0.26
2.87
2.00
0.22

0.66
0.05
0.04
0.50
0.49
0.03

1.16
0.16
0.45
0.01
0.19

0.071
0.04
0.125
0.003
0.031

0.0231
0.0316
0.009
0.0002
0.0038

0.0014
0.0079
0.0025
0.0001
0.0006

0.6

0.174

0.0486

0.0142

Macronutrients

mmol L

gL

(NH4)2SO4
K2HPO4
KH2PO4
K2SO4
MgSO4-7H2O
CaCl-2H2O

249.74
12.92
12.86
94.69
100.01
11.20

H3BO3
CuSO4-5H2O
FeSO4-7H2O
NaMoO4-2H2O
ZnSO4
Na EDTA

-1

Micronutrients

Watering
To ensure that the plants and soil microbes in each mesocosm experienced similar
moisture levels, mesocosms were watered every 1 to 3 d based on the mass lost by
evapotranspiration. To do this, an estimate of mesocosm mass with the soil at container
capacity was made for each unit. Mass at containers capacity was estimated by watering
mesocosms until water flowed freely from the bottom and then allowing them to drain for
twelve hours before weighing. Each day mesocosm mass was recorded and subtracted from the
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container capacity estimate for that specific mesocosm. Mesocosms were watered up to
container capacity whenever at least 250 g of mass had been lost (about 10% of the total water
held). To adjust for accumulating plant biomass, mass at container capacity was estimated three
times during the course of the experiment. Soil at container capacity held roughly 0.65 kg H2O
kg-1 dry soil.

Soil drying treatment
To examine the effect of soil drying and root senescence on N cycling, a drying
treatment was applied to five randomly selected mesocosms of each plant species. The dry
treatment was initiated ten days prior to harvesting (i.e., after 65 d of plant growth). Because of
the method used to water mesocosms (described above), daily water loss due to
evapotranspiration was known for each mesocosm. These data were used to calculate the mass
lost (g H2O) to evapotranspiration in 48 h. This value was averaged across the previous two
weeks to give an average 48 h evapotranspiration loss which ranged from 260 to 560 g of H2O
lost 48 h-1. For the drying treatment, half of this value (130-280 g H2O) was applied to
mesocosms every other day. This meant that dry treatment mesocosms were only receiving half
of their daily water requirement for ten days prior to harvesting. Therefore each day would have
resulted in an increasingly large water deficit. When dry treatment mesocosms were watered,
half of the water was injected into the soil about 10 cm deep to allow the soil to gradually dry
throughout the mesocosm. This was done using a syringe and a long 18-gauge spinal needle.

High and low root soils
The experimental design included a mesh divider in each mesocosm to maintain a rootfree portion of the soil. However, fine roots penetrated the mesh divider. Because the soil
outside the divider contained fewer roots than the main part of the mesocosm (8 g dry root kg-1
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soil outside of the mesh vs 21 g kg-1 soil in the main compartment, Fig. 3), data from these two
volumes were kept as two different soil types. The main goal of this study was to measure
effects of the two plant species and soil moisture treatments rather than the effect of root
density on soil N cycling. Therefore only the data from the main compartment are discussed
(data from the low root density soils are reported in appendix A).

Fig. 3. A mesocosm planted with cheatgrass with foil cover removed, showing density of roots in
soil within the main volume of soil where seeds were planted.

15

N isotopic labelling of plants
A stable isotope tracer was used to model the flow of plant N into soil N pools. Plants in

each mesocosm were labeled with 15N using the cotton wick method. In this technique, capillary
action pulls an isotopically labelled solution into the plant. The cotton wick method has been
shown to produce detectable amounts of 15N within roots and rhizosphere soil (Hertenberger
and Wanek, 2004; Yasmin et al., 2006). In our study, after 68 days of plant growth, cotton wicks
(cotton polyester blend thread) of 0.8 mm diameter (1/32 inch) were passed through one culm
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of each plant using a large sewing needle (size 110/18, used for sewing leather or heavy denim).
The ends of the thread on either side of the culm were run through small diameter rubber
tubing to prevent evaporative losses. Tape was wrapped around the culm to prevent splitting
and also used to help secure tubing (Fig. 4). Both ends of the thread were submerged in a small
vial containing a 6.01 mM urea solution. Urea is commonly used in the cotton wick method
because it is readily transported throughout the plant (Palta et al., 1991).

Fig. 4. A mesocosm planted with crested wheatgrass with cotton wick set-up in place.

Because of the relative novelty of this technique for labelling belowground N pools, we
performed a trial experiment comparing the efficacy of solutions of potassium nitrate and urea
with equal enrichment (98 atom % 15N ) and osmotic potential. Despite there being more moles
of N in our potassium nitrate solution, the urea solution led to greater 15N enrichment in plant
roots and surrounding soil. Therefore we used a 98 atom % 15N urea solution for the main
experiment. The cotton wicks were left in place for 3 d to allow for sufficient quantities of label
to enter the plants. Mesocosms were harvested 4 d after the end of labelling (7 d after the start
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of labelling) because previous experiments found that it takes up to a week for the label to
reach its maximum distribution throughout the plant (Palta et al., 1991).
Background 15N enrichment of soil N pools and plant tissues were obtained from four
unlabeled, control mesocosms (two of each grass species) that were established at the start of
the experiment. These were identical to mesocosms with moist soil watering regimes, with the
exception that when labelling began, plants in control mesocosms received a natural abundance
15

N (0.365% 15N) urea solution. These control mesocosms were sampled in the same manner as

treatment mesocosms but data from these mesocosms were used solely as background values.

Sampling
Mesocosms were harvested seven days after the start of 15N labeling and 10 d after the
start of the drying treatment. For ease of sampling, mesocosms were brought into the lab where
they were disassembled. Within each mesocosm, buffer strips of soil were excluded from
sampling along the sides (3 cm), top (2 cm), and bottom (10 cm) to reduce variability from edge
effects such as chemical leaching from the wood, surface drying, and saturated conditions at the
bottom of the mesocosm.
After the mesocosm sides had been detached, aboveground plant biomass was clipped
at the soil surface. Soils were sieved (2 mm) to remove fine roots, and plant tissues were
washed clean of excess soil as necessary and oven dried for 48 h at 65°C. Subsamples of soil
were collected randomly for determining gravimetric water content, extractable soil N pools,
and soil N transformation rates. To determine gravimetric water content, subsamples of soil
were dried at 105°C for 24 h. One set of subsamples were extracted immediately in 0.5 M K2SO4
(60g field-moist soil to 200 mL of extractant) for determining soil N pools. Soil extracts were
filtered through pre-leached Whatman No. 4 filter paper. An additional 60g sample was
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fumigated with chloroform for 3 d and extracted to determine the microbial flush N pool size
and 15N enrichment (Robertson et al., 1999).
Ammonium pool dilution was used to determine gross N cycling rates (Hart et al., 1994).
Briefly, 7 mL of 15N labelled solution (80 mg N L-1 of ammonium sulfate at 98 atom % 15N) was
added to 200 g of sieved soil. To that same soil, additional water was added to wet the soil to
0.65 kg water kg-1 dry soil (approximately field capacity). The 15N solution and water were
thoroughly mixed into the soil and the soil was immediately divided into three separate
subsamples. One approximately 60-g subsample was immediately extracted in 200 mL of 0.5 M
K2SO4 (as described previously) to determine time-zero NH4+ pool size and 15N enrichment. The
other two subsamples were put into plastic cups that were sealed into 1-L mason jars with
rubber septa in the lids and incubated in the dark at 23°C for 2 d (Fig. 5). At the end of the
second day, headspace gas samples were collected using a syringe to determine C
mineralization rates over 2 d, and one soil subsample was extracted to determine the size and
15

N enrichment of the NH4+ pool after 2 d. The final subsample was chloroform fumigated to

determine the microbial flush N pool size and 15N enrichment at 2 d (Robertson et al., 1999). The
size of the microbial N flush (a proxy for microbial biomass N) was determined by subtracting
total extractable N (organic N plus inorganic N) of non-fumigated samples from total extractable
N in chloroform-fumigated samples.

Laboratory analysis
Soil extracts were analyzed for inorganic N (NH4+ and NO3-) and organic N
concentrations. Extractable NH4+ and NO3- were measured using a Lachat QuickChem8500 Series
2 Colorimetric Analyzer (Lachat Instruments, Milwaukee, WI) by the indophenol and cadmiumreduction methods, respectively. To determine extractable organic N, extracts were persulfate
digested as described in Cabrera and Beare (1993) followed by colorimetric analysis.
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Fig. 5. Glass jars containing incubating soil for pool dilution technique.

Soil extracts were prepared for analysis of 15N abundance using a diffusion procedure
(Stark and Hart, 1996). This method uses acidified filter paper “traps” enclosed in Teflon tape to
capture ammonia gas from alkalized soil extracts in a solid form. To diffuse soil extracts for NO3-,
Devarda’s alloy was added to convert NO3- to NH4+ after diffusion for NH4+ was complete. The
filter papers were then analyzed for N content and 15N enrichment by continuous-flow directcombustion mass spectrometry using a Europa 20-20 system (PDZ, Crewe, UK).
Because mass spectrometry results are most accurate when sample mass is greater than
20 µg of N, some samples with low concentrations of N were supplemented or “spiked” with
additional N mass. The mass and 15N content of the spike is known and therefore can be
subtracted from the measured data to determine the original sample N content and 15N
enrichment. The majority of samples that were diffused for NO3- were of sufficiently low mass
(<12 µg of N in the total volume of extract) that a spike was used. The spike was 20 µg of
depleted N (99.99 atom % 14N) from ammonium sulfate in a 2.5 µg µL-1 solution. Additional
samples were diffused containing either potassium nitrate standards, ammonium sulfate spikes,
or both. These samples were used to check data for potential differential recovery during
diffusion of NH4+ and NO3- in spiked diffused samples. Extracts that had been persulfate digested
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for microbial biomass had very low recoveries following diffusion, and as a result it was not
possible to calculate the 15N content of microbial biomass or organic N pools.
Whole, dry soils were ground to a fine powder using a mortar and pestle. Calcium
carbonate was removed using the acid fumigation procedure of Harris et al. (2001), by wetting
up 60 mg dried samples of soil with 50 µL of water and fumigating them with concentrated HCl
for 6 h. Randomly selected subsamples of dry plant tissues were ground to a fine powder inside
glass grinding jars filled with various diameter steel bearings set on a rolling table. Samples were
prepared for analysis by mass spectrometry by weighing out 1.5 – 6 mg into 5 x 8 mm tin
capsules. The tin capsules were then folded into compact cubes ready for analysis. Plant and soil
samples were analyzed for C and N content and 15N enrichment, and diffused filter papers were
analyzed for N content and 15N enrichment by continuous-flow direct-combustion mass
spectrometry. Additional dry plant tissue samples were sent to Dairy One Cooperative, Inc.
(Ithaca, NY) for analysis of lignin and cellulose concentrations.

Root N export model
A model was developed in Microsoft Office Excel 2010 (Microsoft Corp., Redmund, WA)
to estimate the flow of N from roots into soil N pools over the seven days between the start of
15

N labelling of plants and the time of harvest. This model used the measured 15N enrichment of

plant roots and the amount of 15N (above background) in soil from individual mesocosms to
calculate the rate at which N moved from roots to soil N pools. Extractable NO3- and postchloroform fumigation extractable NH4+ were used as the end points (sinks) for exported root N.
Chloroform-labile inorganic N was used because in several cheatgrass mesocosms total soil N
was not detectably enriched in 15N (see Results). Additionally, our procedure for preparing
microbial N for analysis of 15N content had very poor N recovery, preventing these data from
being used in the model. Chloroform-labile inorganic N includes some organic N. This is
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apparent because NH4+ concentrations in extracts more than doubled following fumigation (data
not shown). Because soil microbes do not store NH4+, this increase is likely from deamination of
amino acids by exoenzymes. However, because the chloroform labile inorganic N pool does not
include all of the organic N, use of these values will underestimate the total 15N released by
plant roots, and our model will provide minimum estimates of the total N released.
All 15N data were converted to atom % 15N excess by subtracting background 15N
enrichments (from non 15N labelled mesocosms) from measured enrichments. In our model, we
assumed that N exported from roots had the same 15N enrichment as the whole root. This
assumption is consistent with other studies in the field (Janzen, 1990; Jensen, 1996; Arcand et
al., 2013). We also assumed that the increase in enrichment of roots over time followed the
same pattern in both grass species, increasing linearly from background 15N levels to the final
measured 15N enrichment over 3 d, then holding steady at the final measured enrichment for
the remaining 4 d. Using these assumptions we initialized the model at time zero with root and
soil N at 0 atom % 15N excess and allowed N to move from plant roots to soil N pools at an
estimated rate in 1 h time steps for 168 h. We changed the rate at which N left the roots until
the final mass of 15N in the sink pool estimated by the model matched the mass of 15N measured
in the chloroform-labile inorganic N pool. This was done using the command Goal Seek and
setting the difference between model-predicted 15N mass and measured 15N mass to zero.

Mass balance of N
In order to better understand N dynamics within the mesocosms, a mass balance
analysis was performed for the plant-soil system. We used the known volume of soil that each
mesocosm contained and the initial concentration of inorganic N in that volume (Table 1) as the
mass of N in the soil when the plants started growing. The small mass of N periodically added
with dilute nutrient solution was also accounted for. From this starting point, plant biomass N
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was subtracted out based on estimates of biomass accumulation from watering data (Fig. B1,
B2, B3, B4) and measured percent N content of leaf tissue at the time of harvest.

Calculation of net and gross N transformation rates
We measured net and gross soil N transformation rates in subsamples collected from all
mesocosms to determine the effects of plant species and soil moisture treatments on soil N
cycling. Net rates were calculated as follows:
Eq. 1
Net Flux =

Pt – P0
t

where Pt is the pool size (mg N kg-1 soil) at time t (2 d in this study) and P0 is the pool size at time
zero. Gross rates were calculated using pool sizes and enrichments from the 15N isotope dilution
method as described in Hart et al (1994). These were:
Eq. 2
Gross Production Rate (GPR) =

P0 – Pt
log(I0/It)
*
T
log(P0/Pt)

where P0 is the pool size at time zero, Pt is the pool size at time t, I0 is the 15N excess enrichment
at time zero, and It is the 15N excess enrichment at time t.
Eq. 3
Gross Consumption Rate = GPR -

Pt – P0
t

and
Eq. 4
Gross Immobilization Rate = GPR - Net Mineralization (net NH4+ + net NO3-)
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Statistical analysis
A factorial design was used to test combinations of the two plant species of interest
(cheatgrass and crested wheatgrass) and two soil moisture conditions (moist and dry). Soil N
and C pools, ratios, and transformation rates were compared between the two plant species and
soil moisture treatments. Treatments had five replicates for a total of twenty mesocosms. Data
were handled as a 2x2 factorial design with plant species and soil moisture as fixed factors using
the PROC MIXED procedure (SAS version 9.3, Cary, NC). Statistical differences were considered
significant for α = 0.05. A summary of ANOVA tables can be found in Appendix C.
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RESULTS

Plants and soils
After 75 days of growth, root density in the mesocosm soils differed between plant
species. Mesocosms with cheatgrass had lower root density (7.0 ± 1.1 g dry root kg-1 soil) than
mesocosms with crested wheatgrass (17.3 ± 2.4 g dry root kg-1 soil, p < 0.0001, Table C1). Root
density also differed between soil moisture treatments. Mesocosms with soils that were allowed
to dry down had higher root density (15.6 ± 2.5 g dry root kg-1 soil) than mesocosms that were
kept moist throughout the experiment (7.8 ± 1.5 g dry root kg-1 soil, p = 0.0004). Finally, soil
gravimetric water content at the time of harvest differed between soil moisture treatments
(0.58 ± 0.01 kg H20 kg-1 oven dry soil for moist soils versus 0.44 ± 0.01 for dry-down soils, p <
0.0001), but not between plant species. There were no significant interactions between plant
species and soil moisture treatments for most response variables. The exceptions were atom
percent excess of soil N pools and root C:N ratios. Cheatgrass roots had slightly less lignin and
slightly more cellulose than crested wheatgrass roots (cheatgrass root lignin x̄ = 7.0 ± 0.4,
cellulose x̄ = 42 ± 0.8 as % dry matter, n=2, crested wheatgrass roots lignin x̄ = 9.9 ± 0.5, cellulose
x̄ = 40 ± 1, n=2), but because of the low sample size no statistical analyses were performed on
these data.

15

N tracer experiment
The cotton wick method successfully labelled both plant roots and soil N pools to levels

above background 15N enrichment. Cheatgrass roots had lower enrichments than crested
wheatgrass roots (p = 0.0004, Fig. 6a). Soil moisture treatments did not influence root
enrichment in cheatgrass roots but did in crested wheatgrass roots. Crested wheatgrass roots in
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mesocosms where soils were dried-down had lower enrichments than those in soils that stayed
moist throughout the experiment (p  0.05).

a

b

c

Fig. 6. Effect of cheatgrass, crested wheatgrass, and soil moisture treatments on 15N excess of a)
roots, b) whole soil, and c) chloroform-labile soil inorganic N. Moist soils were kept moist
throughout the experiment but dried soils were allowed to dry down during the 10 d prior to
harvest. Values represent means ± 1 SE (n = 5 except for the crested wheatgrass moist
treatment where n = 4). There are significant interactions between plant species and soil
moisture treatments for a and b (p = 0.026 and 0.0002, respectively).
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Whole soil 15N enrichments differed by plant species and soil moisture treatment.
Crested wheatgrass soils had higher 15N enrichment than cheatgrass soils (p < 0.0001, Fig. 6b). In
crested wheatgrass mesocosms, the soil dry-down treatment increased whole soil 15N
enrichment relative to soils that were kept moist. The opposite was true for cheatgrass soils. In
cheatgrass dry-down soils, total soil 15N enrichments were not detectably above background
levels whereas cheatgrass soils that stayed moist throughout the experiment ranged from
slightly above to slightly below background levels of 15N enrichment.
Because the sensitivity of measurements of total soil N was not great enough to detect
15

N enrichments in most cheatgrass soils, we used the 15N enrichments of the chloroform-labile

inorganic N pools to model the flow of N from cheatgrass and crested wheatgrass roots into soil
N pools at the end of the seven-day labelling period (Fig. 6c). The tracer model found that
cheatgrass roots exported approximately twice as much N into these pools (0.110 ± 0.021 mg N
kg-1 soil d-1) as crested wheatgrass roots (0.046 ± 0.015 mg N kg-1 soil d-1, p = 0.0135, Fig. 7, Table
C2). Roots in moist treatment soils exported less N into the soil (0.047 ± 0.010 mg N kg-1 soil d-1)
than roots in dried soils (0.109 ± 0.023 mg N kg-1 soil d-1, p = 0.0142, Fig. 7).

Plant effects on soil pools and transformation rates
Crested wheatgrass soils had slightly larger extractable soil inorganic N pools than
cheatgrass soils (Table 3). Because mesocosms were lightly fertilized periodically throughout the
75 d of plant growth, inorganic soil N pool sizes may represent the amount of leftover N from
fertilizer remaining in the soil, rather than a difference soil N production between plants. There
was significantly more soil organic C (inorganic C content removed) and whole soil N under
cheatgrass than crested wheatgrass (Table 3). Soil organic C:N was the same for both cheatgrass
and crested wheatgrass soils (Table 3). Although mean net nitrification, gross mineralization,
gross ammonium consumption, and gross immobilization rates were all faster in cheatgrass
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soils, no soil N transformation rates differed significantly between plant species (Table 3).
Crested wheatgrass soils had significantly greater C mineralization rates than cheatgrass soils
(Table 3).

Fig.7. Root export of N (mg N kg-1 soil d-1) into soil chloroform-labile inorganic N pools for
cheatgrass and crested wheatgrass in the two soil moisture treatments. Moist soils were kept
moist throughout the experiment but dried soils were allowed to dry down during the 10 d prior
to harvest. There is a significant effect of plant species (for cheatgrass x̄ = 0.11 ± 0.02, n = 10, for
crested wheatgrass x̄ = 0.05 ± 0.02, n = 9, p = 0.0135) and soil moisture (for moist soils x̄ = 0.05 ±
0.01, n = 9, for dried soils x̄ = 0.11 ± 0.03, n = 10, p = 0.0142) but no significant interaction (p =
0.649). Values are means ± SE.

There was a significant interaction between plant species and soil moisture treatments
in root C:N ratios (Fig. 8). As soils dried, the C:N of cheatgrass roots declined but the C:N of
crested wheatgrass roots remained the same. Mesocosms that were kept moist throughout the
experiment had larger extractable NO3- and total extractable inorganic N pool sizes than
mesocosms where the soil was allowed to dry down (Table 4). Soil moisture had a significant
effect on all N transformation rates with moist soils having faster gross rates and less negative
net rates than dry-down soils (Table 4, Fig. 9). These differences occurred even though all soil
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samples were brought to equal gravimetric water contents prior to measuring soil N
transformation rates.

Table 3
Soil N and C pools, ratios, and transformation rates in cheatgrass and crested wheatgrass soils.†
Cheatgrass

Crested Wheatgrass

p value

-1

Pools (mg N or C kg soil)
Extractable Ammonium
Extractable Nitrate
Total Extractable Inorganic N
Microbial Flush N
Extractable Organic N
Total Extractable N
Whole Soil N
Whole Soil organic C
Ratios (kg C kg-1 N)
Soil organic C:N
Root C:N

0.39
0.05
0.44
4.1
5.2
9.8
374
4,030

±
±
±
±
±
±
±
±

0.04
0.01
0.05
0.3
0.4
0.7
17
290

11 ± 1
61 ± 2

0.52
0.10
0.62
4.8
6.1
11
283
3,060

±
±
±
±
±
±
±
±

0.07
0.04
0.10
0.4
0.4
0.8
13
200

11
47

±
±

1
1

0.011*===
0.146====
0.017*===
0.287====
0.161====
0.143====
0.0007***
0.015*===

0.989====
<0.0001***=

Rates (mg N or C kg-1 soil d-1)
Net Ammonification
-0.55 ± 0.03
-0.50 ± 0.04
0.359====
Net Nitrification
-0.006 ± 0.01
-0.027 ± 0.02
0.171====
Net Mineralization
-0.55 ± 0.04
-0.52 ± 0.06
0.770====
Gross Mineralization
1.1 ± 0.1
0.92 ± 0.1
0.317====
Gross Ammonium Consumption
1.6 ± 0.1
1.4 ± 0.1
0.166====
Gross Immobilization
1.6 ± 0.1
1.4 ± 0.2
0.230====
C mineralization
10 ± 1
15 ± 1
0.002**==
†Values represent means ± SE (n=10 for all cheatgrass values, n=9 for crested wheatgrass pools
and ratios, n=8 for crested wheatgrass rates), additional information in Tables C3-C16.
Degree of significance is indicated by *(p<0.05), **(p<0.01), ***(p<0.001).

We used the approach described by Schimel (1988) to estimate the microbial growth
efficiency of soil microbes (E) and the model of Saetre and Stark (2005) to estimate the C:N
ratios of substrates that microbes were catabolizing. Saetre and Stark’s model uses measured
gross N immobilization, gross N mineralization, and CO2 production (C mineralization) along with
an assumption of microbial biomass C:N to predict microbial substrate C:N at a given growth
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efficiency. Because of assumptions in the model, these values for microbial growth efficiency
represent minima, whereas the substrate C:N is a maximum value when Schimel’s growth
efficiency is used (Saetre and Stark, 2005). With an assumed microbial biomass C:N of 6:1, this
model predicted that cheatgrass soils had higher microbial growth efficiency and lower
microbial substrate C:N ratios (Emin = 0.48 ± 0.02, substrate C:N = 19 ± 1) than crested
wheatgrass soils (Emin = 0.37 ± 0.02, substrate C:N = 25 ± 1, p = 0.001 and 0.0006, respectively,
Table C18 and C19). These values did not vary significantly over soil moisture treatments.

Fig. 8. Root C:N ratios of cheatgrass and crested wheatgrass in two soil moisture treatments.
Moist soils were kept moist throughout the experiment but dried soils were allowed to drydown during the 10 d prior to harvest. There is a significant effect of plant species (for
cheatgrass x̄ = 61 ± 2, n = 10, for crested wheatgrass x̄ = 47 ± 1, n = 9, p = <0.0001) and soil
moisture (for moist soils x̄ = 58 ± 4, n = 9, for dried soils x̄ = 52 ± 2, n = 10, p = 0.045) and a
significant interaction (p = 0.015). Values are means ± SE.

Net Nitrification
mg N kg-1 day-1
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Fig. 9. Net nitrification rates (mg N kg-1 day-1) in soils in two soil moisture treatments. Values
represent means ± SE, p = 0.011.

Table 4
Soil N and C pools, ratios, and transformation rates in two soil moisture treatments.†
Moist

Dried

p value

-1

Pools (mg N or C kg soil)
Extractable Ammonium‡
Extractable Nitrate
Total Extractable Inorganic N
Microbial Flush N
Extractable Organic N
Total Extractable N
Whole Soil N

0.58
0.10
0.68
4.2
5.8
10.6
319

±
±
±
±
±
±
±

0.10
0.03
0.10
0.4
0.5
0.8
22

0.34
0.05
0.38
4.7
5.5
10.6
341

±
±
±
±
±
±
±

0.03
0.01
0.04
0.3
0.4
0.7
21

0.0002***
0.130*=
0.001**
0.419==
0.629==
0.884==
0.257==

3,660 ± 390

3,500 ± 210

0.831==

Soil organic C:N

11 ± 1

0.286==

Root C:N

58 ± 4

10 ± 1
52 ± 2

Whole Soil organic C
Ratios (kg C kg-1 N)

0.045*=

Rates (mg N or C kg-1 soil d-1)
Net Ammonification
-0.59 ± 0.03
-0.46 ± 0.03
0.013*=
Net Nitrification
-0.040 ± 0.02
0.006 ± 0.01
0.011*=
Net Mineralization
-0.63 ± 0.04
-0.46 ± 0.04
0.008**
Gross Mineralization
1.2 ± 0.07
0.87 ± 0.1
0.047*=
Gross Ammonium Consumption
1.8 ± 0.06
1.3 ± 0.1
0.004**
±
0.1
Gross Immobilization
1.8 ± 0.07
1.3
0.002**
C mineralization
13 ± 1
12 ± 1
0.230==
†Values represent means ± SE (n=9 for moist soil pools and ratios, n = 8 for moist soil rates, n=10
for all dried soils values), additional information in Tables C3-C16.
Degree of significance is indicated by *(p<0.05), **(p<0.01), ***(p<0.001).
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Mass balance of N
Our mass balance analysis indicated that a large amount of the inorganic N that was
originally present in soils had been taken up by plants at the time of harvest (Fig. 10). Based on
this model mesocosms planted with cheatgrass accumulated slightly less biomass (Fig. B3) and
had lower tissue N content (Fig. B4).

inorganic N in soil

a

plant N uptake

inorganic N in soil

b

plant N uptake

Fig. 10. Mass balance of N for mesocosms of a) cheatgrass and b) crested wheatgrass. Open
symbols represent the remaining inorganic N that was added to mesocosms at the beginning of
plant growth. Closed symbols represent N accumulated in plant biomass based on water use
and N content of plant leaves. Values are averages ± SE, n=10.
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DISCUSSION

Effects of cheatgrass and crested wheatgrass on soil N cycling
Cheatgrass exported twice as much N from its roots to the soil as crested wheatgrass,
regardless of soil moisture. Cheatgrass did this despite lower root densities and lower root N
concentrations (i.e., greater root C:N) than crested wheatgrass. Cheatgrass soils also had more
total soil N and slightly faster, although not significant, gross soil N transformation and net
nitrification rates than crested wheatgrass soils. However, these differences did not lead to
larger soil inorganic N pools in cheatgrass soils. These results support our hypothesis that
cheatgrass exudes higher quality (greater quantity of N) root exudates than crested wheatgrass,
but only weakly support our hypothesis that cheatgrass soils have faster gross soil N
transformation rates than crested wheatgrass soils. Our hypothesis that these trends would lead
to larger soil inorganic N pool sizes in cheatgrass soils relative to crested wheatgrass soils was
not supported.
Despite an increasing number of studies on the subject, little is known about the
amount of N that is released by roots as root exudates, and most of what is known comes from
agricultural species (Wichern et al., 2008). It has been established that N exuded by roots is in
the form of amino acids (Paynel et al., 2001), NH4+, and NO3- (Macduff and Jackson, 1992;
Hertenberger and Wanek, 2004). In many of these studies a 15N label is applied throughout an
entire growing season, confounding the contribution of root exudates and root turnover into a
single value for N rhizodeposition. These values for N rhizodeposition also come from 15N tracer
experiments where root 15N enrichment at time of harvest is used to estimate mass of flow from
roots to soil N pools based on soil pool 15N enrichment (Janzen and Bruinsma, 1989). The values
obtained from this method can be influenced by the concentration of label and the frequency of
application (Mahieu et al., 2009). More concentrated label solution and more frequent
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application can cause larger estimates of N rhizodeposition. Values of rhizodeposition of N are
also dependent on the value used as background 15N enrichment, which is often not
appropriately chosen nor explicitly stated (Schmidtke, 2005). This study is the first attempt that
we are aware of to quantify the rate of N exported by roots in an intact soil system. Others have
calculated total rhizodeposition of N in intact soil, but not the rate (Janzen, 1990; Jensen, 1996),
or root N exudation was determined in liquid culture (Macduff and Jackson, 1992).
In one of the only studies to measure rates of inorganic root N efflux, Macdfuff and
Jackson (1992) grew ryegrass and white clover in liquid culture. They measured efflux rates of
0.5 – 1.5 µmol h-1 g-1 fresh wt root for NO3- and 0.4 – 2.5 µmol h-1 g-1 root for NH4+. Assuming
that a plant root is 80% water, Macduff and Jackson’s values drop to 0.1 – 0.3 µmol NO3- h-1 g-1
dry wt root and 0.08 – 0.5 µmol NH4+ h-1 g-1 dry wt root, which are larger than our values for
total root N export converted to the same units (0.001 – 0.2 µmol N h-1 g-1 dry wt root).
Although this is a coarse comparison, these differences could be attributed to many causes,
including plant species, time scale of measurement, and differences in rhizosphere structure and
function between liquid culture and soil.
Rhizodeposition estimates do not distinguish root exudates of N from other sources of
N, such as root turnover or root mucilage. Jensen (1996) reported rhizodeposition values of 17
to 19 mg N plant-1 in pea and barley at plant maturity (0.1 mmol N plant -1 week-1), and Janzen
(1990) measured 9 to 25 mg N plant-1 over a whole growing season for wheat (0.05 – 0.14 mmol
N plant -1 week-1). Although our rates (0.001 – 0.067 mmol N plant -1 week-1) are smaller than
Jensen’s and Janzen’s, our values are estimates of N exudation rather than rhizodeposition. In
addition, our values are minimum estimates of root N exudation because our model did not
contain all the possible pools into which exudate N may have been incorporated.
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Because of the low initial organic matter content in our soil, we can use an alternate
technique to estimate rhizodeposition from cheatgrass and crested wheatgrass. We can
approximate rhizodeposition of N in our study by assuming that all soil organic N at the time of
harvest (total soil N minus soil inorganic N) came from plants. This yields an estimate of
rhizodeposition N of 0.35 mmol N kg -1 soil d-1 for cheatgrass and 0.27 mmol N kg-1 soil d-1 for
crested wheatgrass. Converted to an estimate of 0.9 – 1.8 mmol plant-1 week-1 for both
cheatgrass and crested wheatgrass, these values are actually greater than values reported by
Janzen (1990) and Jensen (1996).
Because total soil N was not detectably enriched in 15N and diffusion efficiencies of soil
digests were very low, chloroform-labile inorganic N was used as the soil N sink for rootexported N in our model. This was based on the assumption that chloroform-labile inorganic N is
representative of the root exudate soil N pool for both plant species. Some studies have found
that the majority of root derived N ends up in soil organic N (Jensen, 1996, Arcand et al., 2013).
Chloroform fumigation releases some of the soil organic N pool. This is apparent because NH4+
concentrations in extracts more than doubled post fumigation (data not shown). Because soil
microbes do not store NH4+, this increase is likely from exoenzymes deaminating amino acids.
These pools should have been more sensitive to plant effects than total soil N, but because all
the possible soil organic N sinks were not accounted for, our rates of root N export must be
interpreted as minimum estimates.
Our model assumed that N exported from roots had the same 15N enrichment as the
whole root. This assumption is consistent with other studies in the field (Janzen, 1990, Jensen,
1996, Arcand et al., 2013). We also assumed that enrichment of roots increased following the
same pattern in both grass species. Our model used a conceptualization of 15N enrichment
where enrichment steadily increased for three days while cotton wicks were in place and then
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remained constant at the final measured 15N enrichment until harvest. There are no obvious
reasons for this pattern to be different for cheatgrass versus crested wheatgrass. One possible
deviation from our enrichment plateau conceptualization would be if root 15N enrichment began
to decrease before harvest. If this occurred, our rate estimates would be underestimates of the
actual mass of N exported, because more N at a lower enrichment would need to be exported to
reach the final soil pool 15N enrichment.
Although we cannot say for certain how much of this N was from exudates rather than
from root turnover, it is likely that root turnover contributed very little to the mass of N
exported to soils for either grass species. Estimates of root lifespan vary widely, but the fastest
turnover rates are seen in fine roots (Bloomfield et al., 1996). Fine roots of grasses are thought
to live between 1 and 20 weeks depending on environmental conditions (Garwood, 1967; San
José et al., 1982; Bloomfield et al., 1996). Our rate of root N export to soil is based on an isotope
tracer that was incorporated into plant tissues over a seven day period. It seems likely that
physiologically active roots would have received the vast majority of the label that was
incorporated into belowground plant biomass. Furthermore, because most roots live at least
one week, most of the roots that received label would have remained physiologically active over
the seven day period before harvest.
A leading hypothesis for plant exudate production suggests that increased microbial
activity associated with the metabolism of exudates liberates essential inorganic nutrients for
both plant and microbial use (Cardon and Whitbeck, 2007). However, if exudates containing
only C are released into soils, this would cause microbial immobilization of nutrients and
increase competition between soil microbes and plants for N (Dijkstra et al., 2013; Drake et al.,
2013). A more likely way for plants to benefit from exudation is for exuded compounds to have
a priming effect on soil organic matter (SOM), leading to the release of nutrients in excess of the
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plant’s initial investment (Dijkstra et al., 2013; Drake et al., 2013). Priming effects can be caused
by a wide array of phenomena, including physical disturbance of soil, addition of fertilizers, and
plant rhizodeposition, which includes production of root exudates (Kuzyakov et al., 2000). In the
case of root exudates, microbes in the rhizosphere may degrade exudates of sufficiently low C:N
ratio that N mineralization occurs. The C:N ratio cut-off for net N mineralization depends on
microbial growth efficiency but a typical estimate is  20:1 (Kuzyakov et al., 2000). Priming
occurs when an increase in soil inorganic N from mineralization corresponds with increased
microbial growth and promotes the degradation of previously undegradable SOM leading to
accumulation of inorganic N within the rhizosphere. Additional SOM may be degraded because
newly available substrates such as root exudates free soil microbes from C or N limitation.
We propose that in natural soils both cheatgrass and crested wheatgrass are priming
SOM by exporting root N in the form of root exudates. The observation that cheatgrass root
exudates contain twice as much N as those of crested wheatgrass suggests that cheatgrass may
invest more heavily in this positive priming effect than crested wheatgrass. This could be the
mechanism behind many of the changes to soil N cycling observed in cheatgrass invaded soils.
Plant-soil feedbacks such as this may explain the ability of cheatgrass to outcompete native
sagebrush steppe vegetation even under low N conditions (Lowe et al., 2002; Monaco et al.,
2003; Vasquez et al., 2008).
In field studies, cheatgrass soils often have larger inorganic N pools than soils under
other vegetative cover in the same region (Bolton et al., 1993; Norton et al., 2004; Hooker et al.,
2008). Despite the potential for SOM priming by cheatgrass and crested wheatgrass, we did not
measure large inorganic N pools in this experiment. This may be because the effect of priming
was very small: all export values were less than 0.2 mg N kg-1 day-1. Additionally, the soil used in
this study had very little SOM to prime because it was predominantly comprised of baked clay
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and had very little organic content. Additionally, the very low concentrations of NO3- in these
soils could be due to denitrification during brief periods of water saturation, a side-effect of the
watering method used. Duration of the study likely played a role as well. Plants were only grown
in mesocosms for 75 d, and it may take more than one growing season for soil N values respond
to a change in vegetative cover. Most studies that examined differences in soils between
cheatgrass and other vegetative covers did not sample over time (Bolton et al., 1990; Evans et
al., 2001; Hooker et al., 2008; Norton et al., 2012). Those that did indicate that it may take three
to fifteen years before SOM is sufficiently altered to produce measurable changes (Chen and
Stark, 2000; Sperry et al., 2006; Blank and Morgan, 2011; Schaeffer et al., 2012).
In this study the minimum value calculated for soil microbial growth efficiency was
greater (more efficient) for cheatgrass than crested wheatgrass soils. Additionally, soil microbes
under cheatgrass were predicted to be using substrates with lower C:N ratios than microbes
under crested wheatgrass. Lower microbial substrate C:N ratios may be an indicator of higher
quality root exudates in these soils, and greater microbial growth efficiency is consistent with
more labile substrates. Whether these substrates were root exudates or not, lower microbial
substrate C:N ratios will lead to greater net mineralization at similar growth efficiencies. Our
data are consistent with other studies that observed a relatively fast cycling, mineralizing
environment under cheatgrass compared to other plant species (Booth et al., 2003; Hooker et
al., 2008; Norton et al., 2012). This could produce an accumulation of inorganic N in the soil,
although this is not what we observed in our study.
The focus of most root exudation studies has been on exudates containing only carbon,
usually in the form of low molecular weight organic acids (Whipps, 1990; Bertin et al., 2003;
Henry et al., 2007). In this study we did not attempt to estimate the mass of C exported from
roots. Previous studies vary widely in their estimates of exudate C. On the high end, some
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studies predict that 40% of plant-fixed carbon is exuded (Whipps, 1990; Lynch and Whipps,
1991). Because the soil used in our study initially contained very little SOM, the majority of the
SOM present at the time of harvest was likely derived from the plants. If we assume that all of
the organic C found in soils at time of harvest was deposited by cheatgrass over the 75 d of plant
growth, the average C rhizodeposition for was 54 mg C kg-1 soil d-1. This would be net C
rhizodeposition because an unknown amount of plant C would have been respired by soil
microbes. This is consistent with the large contribution of cheatgrass roots to SOM seen
previously (Hooker and Stark, 2012).
In crested wheatgrass soils, again assuming that all of the organic C found in soils at the
time of harvest was derived from plants over the 75 d of plant growth, we calculate an average
net rhizodeposition value of 41 mg C kg-1 soil d-1 under crested wheatgrass, 13 mg C kg-1 soil d-1
less than under cheatgrass. Soils under cheatgrass had greater soil organic C pools than soils
under crested wheatgrass but our measurements of soil total organic C:N were the same
between the two species. This suggests that more readily degradable C was present in crested
wheatgrass soils as was indicated by our measurement of faster C mineralization rates in crested
wheatgrass soils than cheatgrass soils. Many compounds that are very easily degraded have
infinitely high C:N (e.g., glucose). Crested wheatgrass rhizodeposits may have a larger organic
acid component than cheatgrass rhizodeposits. This is supported by our estimate of the
microbial substrate C:N, which was lower in cheatgrass soil than crested wheatgrass soil. A
stable isotope tracer experiment of the same nature as this study using 13C could be used to
determine the C:N ratio of root exported substances, if root and soil microbial respiration could
be appropriately accounted for.
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Mass balance of N
Our mass balance found that a large amount of the inorganic N present in soil had been
taken up by plants at the time of harvest. Based on this analysis, mesocosms planted with
cheatgrass had more N left in the soil than mesocosms planted with crested wheatgrass. This
was surprising given the fact that our measurements of extractable inorganic N were very low in
soils under both grass species. However, there are two significant sources of error in our mass
balance calculations, the percent N content of plant leaves and the approximation of plant
biomass.
For this analysis plant biomass was approximated based on cumulative water use. We
estimated that one gram of plant biomass was created for every 400 grams of water used (Fig.
B1, B2, B3, B4). Because the true water use efficiency of cheatgrass or crested wheatgrass was
not determined, this approximation could be off and may even differ for these two grasses.
Our measurements of percent N content of leaves were taken at the time of harvest,
and likely do not reflect tissue N content over the life-time of the plant. More importantly, the
cotton-wick method would provide a source of N to plant tissues above and beyond that which
was in the soil. Based on the enrichment of plant tissues (Fig. 6) and the total biomass
accumulated by the two plant species (Fig. B3), it is clear that crested wheatgrass took up more
15

N from the cotton-wick than cheatgrass. Therefore crested wheatgrass tissues would have

taken up more total N during labelling. This means that the N content of leaves measured at the
time of harvest is an overestimate of the tissue N content prior to labelling, causing our estimate
of N uptake from soil to falsely result in negative soil inorganic N values. Leaf N content
averaged 1.1% for cheatgrass and 1.6% for crested wheatgrass. While these values for tissue N
content are lower than expected, they are not outside the range of N content seen under
natural conditions for these two grasses (Witwicki et al., 2013).
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Despite the limitations of this analysis, it supports our conclusion that plants and
microbes in this system were experiencing low N conditions. Based on this approximation,
almost all of the original soil inorganic N was gone by the week that labelling began. In fact, the
concentrations of NH4+ and NO3- in our soils at the time of harvest were between one and two
orders of magnitude lower than those found in natural soils under cheatgrass and crested
wheatgrass (Hooker et al., 2008). That plants were found to exude N while experiencing N stress
supports the idea that exuded N facilitates increased availability of inorganic N.

Effects of drying on soil N cycling
In addition to a large potential for priming SOM in cheatgrass soils, there were distinct
effects of drying on soil N pool sizes, transformation rates, and root N export. For both plant
species, roots in soil that was allowed to dry down exported more N than roots in soil that was
kept moist throughout the experiment. Dry soils also had significantly lower root C:N ratios,
although the difference was small. Additionally, soils that dried down had slower gross soil N
transformation rates but more positive net rates (less net immobilization) during lab assays than
soils that stayed moist throughout the experiment. However, like differences in soil N
transformation rates between the two grass species, these trends in soil moisture treatments
did not lead to larger inorganic N pool sizes in mesocosms where soils were allowed to dry
down. Rather, mesocosms with dried soils had less inorganic N than mesocosms with moist
soils. These results support our hypothesis that dry soils would have faster net N mineralization
rates and lower root C:N ratios than moist soils. Our hypothesis that these trends would lead to
larger soil inorganic N pool sizes in dried soils relative to moist soils was not supported.
Arid lands often have an accumulation of NO3- in soils towards the end of the growing
season (Jones and Woodmansee, 1979; Booth et al., 2003; Sperry et al., 2006). In this study, we
attempted to mimic the same decreasing soil moisture that would typically occur at the end of
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the growing season. However, our drying treatment did not result in larger soil NO3- pools. What
we did observe was a positive net nitrification rate in dry-down soils. In fact, dry-down soils
were the only treatment for which the net nitrification rate was positive. In this study the drying
treatment was only initiated 10 days before harvest, thus it is possible that net nitrification
would have led to larger NO3- pool sizes in dry-down soils if treatments had been maintained for
a longer duration.
One proposed mechanism for NO3- accumulation is a decrease in soil pore connectivity
as water films shrink, preventing the uptake of NO3- by microbes or plants (Davidson et al., 1990;
Parker and Schimel, 2010). This cannot be the cause in our system because all soil N
transformation rates were measured at similar water content and represent potential rates, not
rates at field conditions. Because we found that net nitrification increased as soils dried,
regardless of vegetative cover, nitrate consumption may decrease before production
(nitrification) decreases in dry soils. It could be that nitrifying bacteria are somehow better
adapted to persist in dry soils or that immobilization decreases before nitrification (Low et al.,
1997). Further research is needed to identify how NO3- accumulates in these systems, perhaps
by mimicking dry conditions via soil osmotic stress.
Although we did not find larger inorganic N pools in dry soils in our study, we did find
that greater amounts of N were exported from roots in dry-down soils. Soils that were allowed
to dry-down had higher root densities than soils that stayed moist throughout the experiment.
This is likely because the plants began to experience water stress early in the soil-drying process
and responded by producing more roots to increase water acquisition. The soil drying treatment
also likely led to some root turnover due to plant senescence of older, less efficient roots.
Therefore we cannot safely assume that root exported N was only from exudates. If greater root
N export rates are an effect of root senescence, then root senescence at the end of the growing
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season could also contribute to the changes in N cycling observed in cheatgrass soils. Because
neither treatment resulted in large inorganic N pool sizes, it is still unclear to what extent root
exudates and senescence contribute to accumulation of inorganic N in cheatgrass soils, but our
results suggest that both may play a role.
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CONCLUSION AND FUTURE DIRECTIONS

We have identified a mechanism by which cheatgrass might increase inorganic N in soils
given sufficient time, i.e., root export of N. Most invasive plant research focuses on comparing
plant performance under a particular set of conditions (competition, increased or decreased soil
N, supplementation of the microbial community), but very few studies investigate the
mechanism behind differential performance (Martin and Chambers, 2002; Levine et al., 2003).
By identifying a potential mechanism, this study has taken us one step closer to fully
understanding the effects of cheatgrass invasion on soil N cycling. Ideally future studies could
use a similar isotope tracer to look for rates of root export of N under field conditions. If 13C and
15

N were used concurrently, the C:N ratio of root exudates could be ascertained. Synthetic root

exudates of this same C:N ratio could be used in experiments that simulate root exudation to
precisely measure priming effects on SOM (Drake et al., 2013). Future studies would benefit
from subsampling soil N pools and plant N content over time, especially before the addition of
any isotope tracer, as another tool for quantifying N dynamics.
An additional facet of plant-soil N cycling that this study did not address is the role of
mycorrhizae in facilitating root N rhizodeposition. Because the vast majority of land plants invest
in symbiosis with mycorrhizal fungi (Wang and Qiu, 2006), including cheatgrass and crested
wheatgrass (Bethlenfalvay et al., 1985; Busy et al., 2012), mycorrhizal hyphae may play an
important role in distributing root derived N beyond the rhizosphere. This could be investigated
by growing plants in mesocosms with physical barriers for plant roots (Teste et al., 2006) and
determining the mass of root-derived N deposited by fungal hyphae beyond the zone of root
influence.
Previous studies investigating the contribution of root exudates to soil N pools focused
on agricultural species and measured rhizodeposition of N per individual plant rather than rates
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of root N export (Wichern et al., 2010). This study offers an initial estimate of the rate of N
exudation in an invasive plant species. Future studies are needed to incorporate root exudation
in regional and global C and N cycling models. The global carbon cycle is currently in flux due to
anthropogenic release of CO2 from fossil fuels (Griggs and Noguer, 2002). If cheatgrass is
capable of producing a strong priming effect on SOM, soils invaded by cheatgrass may have a
net flux of CO2 into the atmosphere, thereby exacerbating climate change. Some research
already suggests that cheatgrass will contribute to a loss of both biomass (Hooker et al., 2008)
and soil C (Verburg et al., 2004). Because the largest reservoir of terrestrial carbon lies in soils
(Eswaran et al., 1993), it is critical to understand how landscape scale vegetation changes, like
cheatgrass invasion, will influence long term soil storage of both C and N.
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APPENDIX A: EFFECTS OF ROOT DENSITY ON SOIL N CYCLING

Our original experimental design included a mesh divider in each mesocosm to maintain
a root-free portion of the soil (Fig. 2). However, fine roots penetrated the mesh divider,
preventing this soil from being used for measurement of bulk soil N pools and transformation
rates. The soil outside the divider (hereafter ‘low root density soil’) contained less than half the
mass of roots of the main rooting zone (hereafter ‘high root density soil’; 8 g dry root kg-1 soil in
the low density zone vs 21 g kg-1 soil in the high density zone). Soil within the high root density
zone is effectively rhizosphere soil, but soil within the low root density zone is a hybrid of
rhizosphere and bulk soil. Despite there being a fine root component to the low root density
soil, significant differences were found in some soil N pools and transformation rates between
soils with these root densities (Table A1).
In addition to root density, another primary difference between these two soils is the
type of roots they contained. When harvesting the mesocosms it was obvious that only fine
roots had penetrated the mesh, compared to a wide variety of root diameters within the main
growth compartment. Root C:N ratios were lower in soils with low root densities than in soils
with high root densities (Table A1). Because the roots in low root density soils had to pass
through 100 mesh to grow into that volume of soil, they are necessarily smaller in size than
roots within the high root density zone. Smaller roots will contain fewer structural compounds
which can be very high in C (e.g., lignin), leading to lower C:N.
There was less extractable inorganic N in soils with low root densities than soils with
high root densities. This result is surprising considering that plant roots are one the two major
sinks for nitrogen in this system. However, because the roots within the low-root density zone
are all fine roots, they may have been more active in nutrient uptake, leading to lower
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concentrations of inorganic N within that soil. Another possibility is that periodic watering with
dilute nutrient solution did not evenly distribute additional inorganic N to both sides of the
mesh partition, contributing to the lower inorganic N values within low root density soil.

Table A1
Soil N pools, and transformation rates in two rooting densities.†
High
Pools (mg N or C kg-1 soil)
Extractable Ammonium‡
Extractable Nitrate
Total Extractable Inorganic N
Microbial Flush N
Extractable Organic N
Total Extractable N

0.45
0.07
0.52
4.4
5.6
10.6

Root C:N

54

Low

± 0.04
± 0.016
± 0.05
± 0.3
± 0.3
± 0.5
±

2

0.32
0.03
0.36
4.5
5.0
9.8
49

p value

± 0.03
± 0.006
± 0.03
± 0.5
± 0.3
± 0.6

<.0001***
0.006**
<.0001***
0.907
0.092
0.269

±

<.0001***

1

Rates (mg N or C kg-1 soil d-1)
Net Ammonification
-0.52 ± 0.02
-0.54 ± 0.03
Net Nitrification
-0.02 ± 0.01
0.08 ± 0.04
Net Mineralization
-0.54 ± 0.03
-0.46 ± 0.04
Gross Mineralization
1.0 ± 0.07
1.0 ± 0.04
Gross Ammonium Consumption 1.5 ± 0.07
1.6 ± 0.06
Gross Immobilization
1.6 ± 0.08
1.5 ± 0.06
C mineralization
12
±
1
8
±
1
†Values represent means ± SE (n=19 for all values)
Degree of significance is indicated by *(p<0.05), **(p<0.01), ***(p<0.001).

0.516
0.028*
0.028*
0.853
0.695
0.345
0.516

Positive net nitrification and net mineralization rates were found in soils with low root
densities, whereas negative rates were measured in high root density soils. This is indicative of a
more active population of nitrifying bacteria in soils with low root density. Previous work has
found evidence for greater nitrification potentials in rhizosphere soil (Højberg et al., 1996).
However, in this study, the low N content of the soil might have caused competitive inhibition of
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nitrifiers within the high root density soil. Previous work has found that plants are very effective
competitors with soil microbes for inorganic N (Norton and Firestone, 1996).
We found that US 100 mesh (0.14 mm openings) is not fine enough to contain roots. A
recent study succeeded in preventing the penetration of fine roots with mesh that has 20 µm
openings (Nuccio et al., 2013). Future researchers hoping to contain roots should choose a mesh
with openings much smaller than 100 µm.
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APPENDIX B: SUPPLEMENTARY FIGURES
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Fig. B1. Daily water use over the growing period (g of H2O * day-1) for mesocosms of a) crested
wheatgrass in moist soil treatment, b) crested wheatgrass in dry soil treatment, c) cheatgrass in
moist soil treatment and d) cheatgrass in dry soil treatment.

57

20

cumulative plant water use
(kg)

a

16
14
Mesocosm 1

12

Mesocosm 2
10

Mesocosm 7

8

Mesocosm 9

6

Mesocosm 10

4
2
0
1-May

18

b

Crested wheatgrass Moist

18

21-May

10-Jun

30-Jun

20-Jul

9-Aug

Crested wheatgrass Dried

cumulative plant water use
(kg)

16
14
12
Mesocosm 3
10

Mesocosm 4
Mesocosm 5

8

Mesocosm 6
6

Mesocosm 12

4
2
0
1-May

21-May

10-Jun

30-Jun

20-Jul

9-Aug

58

25

cumulative plant water use
(kg)

c

Cheatgrass Moist

20
Mesocosm A

15

Mesocosm C
Mesocosm E
10

Mesocosm F
Mesocosm L

5

0
21-May

10-Jun

25

cumulative plant water use
(kg)

d

30-Jun

20-Jul

9-Aug

29-Aug

Cheatgrass Dried

20

Mesocosm B

15

Mesocosm G
Mesocosm H
10

Mesocosm I
Mesocosm K

5

0
21-May

10-Jun

30-Jun

20-Jul

9-Aug

29-Aug

Fig. B2. Cumulative water use over the growing period (g of H2O) for mesocosms of a) crested
wheatgrass in moist soil treatment, b) crested wheatgrass in dry soil treatment, c) cheatgrass in
moist soil treatment and d) cheatgrass in dry soil treatment.
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Fig. B3. Plant biomass (g) over the growing period for mesocosms of a) crested wheatgrass in
moist soil treatment, b) crested wheatgrass in dry soil treatment, c) cheatgrass in moist soil
treatment and d) cheatgrass in dry soil treatment.
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Fig. B4. Plant tissue N (mg) over the growing period for mesocosms of a) crested wheatgrass in
moist soil treatment, b) crested wheatgrass in dry soil treatment, c) cheatgrass in moist soil
treatment and d) cheatgrass in dry soil treatment.
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APPENDIX C: STATISTICAL SUMMARY

Table C1 ANOVA table for root density
Source

DF

Sum of Squares

Mean Square

F Value

Pr > F

Plant

1

436.581533

436.581533

33.51

<.0001

Wetness

1

265.792573

265.792573

20.40

0.0004

Plant*Wetness

1

60.043785

60.043785

4.61

0.0486

Residual

15

195.439709

13.029314

.

.

Table C2 ANOVA table for N flux out of roots
Source

DF

Sum of Squares

Mean Square

F Value

Pr > F

Plant

1

3.58E-05

3.58E-05

7.82

0.0135

Wetness

1

3.53E-05

3.53E-05

7.7

0.0142

Plant*Wetness

1

9.87E-07

9.87E-07

0.22

0.6492

Residual

15

6.87E-05

4.58E-06

.

.

Table C3 ANOVA table for extractable ammonium
Source

DF

Sum of Squares

Mean Square

F Value

Pr > F

Plant

1

0.110459

0.110459

8.54

0.0105

Wetness

1

0.29981

0.29981

23.18

0.0002

Plant*Wetness

1

0.022893

0.022893

1.77

0.2032

Residual

15

0.193986

0.012932

.

.

Table C4 ANOVA table for extractable nitrate
Source

DF

Sum of Squares

Mean Square

F Value

Pr > F

Plant

1

0.012656

0.012656

2.35

0.1459

Wetness

1

0.013814

0.013814

2.57

0.1299

Plant*Wetness

1

0.000842

0.000842

0.16

0.6979

Residual

15

0.080696

0.00538

.
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Table C5 ANOVA table for total extractable inorganic N
Source

DF

Sum of Squares

Mean Square

F Value

Pr > F

Plant

1

0.197852

0.197852

7.28

0.0165

Wetness

1

0.442269

0.442269

16.27

0.0011

Plant*Wetness

1

0.032517

0.032517

1.2

0.2913

Residual

15

0.407733

0.027182

.

.

Table C6 ANOVA table for microbial flush N
Source

DF

Sum of Squares

Mean Square

F Value

Pr > F

Plant

1

1.660698

1.660698

1.22

0.2865

Wetness

1

0.938459

0.938459

0.69

0.4191

Plant*Wetness

1

0.056412

0.056412

0.04

0.8413

Residual

15

20.3923

1.359487

.

.

Table C7 ANOVA table for extractable organic N
Source

DF

Sum of Squares

Mean Square

F Value

Pr > F

Plant

1

3.887034

3.887034

2.18

0.1605

Wetness

1

0.433991

0.433991

0.24

0.6289

Plant*Wetness

1

0.040909

0.040909

0.02

0.8816

Residual

15

26.74798

1.783199

.

.

Table C8 ANOVA table for total extractable N
Source

DF

Sum of Squares

Mean Square

F Value

Pr > F

Plant

1

13.727096

13.727096

2.39

0.1430

Wetness

1

0.126053

0.126053

0.02

0.8842

Plant*Wetness

1

0.067353

0.067353

0.01

0.9152

Residual

15

86.179676

5.745312

.

.

Table C9 ANOVA table for whole soil N
Source

DF

Sum of Squares

Mean Square

F Value

Pr > F

Plant

1

39495

39495

17.94

0.0007

Wetness

1

3054.322967

3054.322967

1.39

0.2572

Plant*Wetness

1

1479.509943

1479.509943

0.67

0.4252

Residual

15

33022

2201.434044

.

.
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Table C10 ANOVA table for whole soil organic C
Source

DF

Sum of Squares

Mean Square

F Value

Pr > F

Plant

1

4657983

4657983

7.48

0.0153

Wetness

1

29245

29245

0.05

0.8313

Plant*Wetness

1

1044085

1044085

1.68

0.2149

Residual

15

9339125

622608

.

.

Table C11 ANOVA table for soil orgC:N
Source

DF

Sum of Squares

Mean Square

F Value

Pr > F

Plant

1

0.000613

0.000613

0

0.9887

Wetness

1

3.621721

3.621721

1.22

0.2858

Plant*Wetness

1

15.92051

15.92051

5.38

0.0348

Residual

15

44.35184

2.956789

.

.

Table C12 ANOVA table for root C:N
Source

DF

Sum of Squares

Mean Square

F Value

Pr > F

Plant

1

915.1428

915.1428

42.1

<.0001

Wetness

1

104.0692

104.0692

4.79

0.0449

Plant*Wetness

1

162.321

162.321

7.47

0.0154

Residual

15

326.0257

21.73505

.

.

F Value

Pr > F

Table C13 ANOVA table for net ammonification
Source

DF

Sum of Squares

Mean Square

Plant

1

0.007929

0.007929

0.9

0.3586

Wetness

1

0.070825

0.070825

8.01

0.0127

Plant*Wetness

1

0.003577

0.003577

0.4

0.5343

Residual

15

0.132599

0.00884

.

.

Table C14 ANOVA table for net nitrification
Source

DF

Sum of Squares

Mean Square

F Value

Pr > F

Plant

1

0.002795

0.002795

2.07

0.1705

Wetness

1

0.011352

0.011352

8.42

0.011

Plant*Wetness

1

0.003003

0.003003

2.23

0.1563

Residual

15

0.020222

0.001348

.

.
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Table C15 ANOVA table for net mineralization
Source

DF

Sum of Squares

Mean Square

F Value

Pr > F

Plant

1

0.001293

0.001293

0.09

0.7698

Wetness

1

0.138667

0.138667

9.52

0.0075

Plant*Wetness

1

0.013187

0.013187

0.91

0.3564

Residual

15

0.218501

0.014567

.

.

Table C16 ANOVA table for gross mineralization
Source

DF

Sum of Squares

Mean Square

F Value

Pr > F

Plant

1

0.09192

0.09192

1.07

0.3172

Wetness

1

0.403271

0.403271

4.7

0.0467

Plant*Wetness

1

0.040771

0.040771

0.47

0.5013

Residual

15

1.287848

0.085857

.

.

Table C17 ANOVA table for gross ammonium consumption
Source

DF

Sum of Squares

Mean Square

F Value

Pr > F

Plant

1

0.153843

0.153843

2.12

0.1661

Wetness

1

0.81208

0.81208

11.18

0.0044

Plant*Wetness

1

0.068501

0.068501

0.94

0.3468

Residual

15

1.089135

0.072609

.

.

Mean Square

F Value

Pr > F

Table C18 ANOVA table for gross immobilization
Source

DF

Sum of Squares

Plant

1

0.11501

0.11501

1.57

0.23

Wetness

1

1.014888

1.014888

13.81

0.0021

Plant*Wetness

1

0.100333

0.100333

1.37

0.2608

Residual

15

1.102025

0.073468

.

.

Table C19 ANOVA table for C mineralization
Source

DF

Sum of Squares

Mean Square

F Value

Pr > F

Plant

1

117.8242

117.8242

13.58

0.0022

Wetness

1

11.40698

11.40698

1.31

0.2695

Plant*Wetness

1

0.033567

0.033567

0

0.9512

Residual

15

130.1442

8.676281

.

.
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Table C20 ANOVA table for microbial substrate C:N
Source

DF

Sum of Squares

Mean Square

F Value

Pr > F

Plant

1

150.7867

150.7867

10.57

0.0058

Wetness

1

0.283675

0.283675

0.02

0.8898

Plant*Wetness

1

1.504199

1.504199

0.11

0.7501

Residual

14

199.6412

14.26009

.

.

Table C21 ANOVA table for microbial growth efficiency
Source

DF

Sum of Squares

Mean Square

F Value

Pr > F

Plant

1

0.059629

0.059629

16.34

0.0012

Wetness

1

0.001501

0.001501

0.41

0.5317

Plant*Wetness

1

0.001703

0.001703

0.47

0.5057

Residual

14

0.051088

0.003649

.

.

